The amount of water co-extracted by the halide anions into several solvents has been determined. The order was always Gl-> Br-> I-, and at high organic..;.phase salt concentrations, the hydration numbers increased with increasing concentration, apparently paralleling the formation of ion pairs and higher ion aggregates. In nitrobenzene· the lower, limiting values are 3. 3, 1. 8, and 1. 0 moles of water per anion for Cl-, Br-, and I~, respectively.
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There has been renewed interest in the solvation of simple anions, such as the halides, with protic solvents [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . The strength of alcoholhalide interactions have been shown by IR spectroscopy [1, 2] to depend upon the anion in the order F-> Cl-> Br->I-, as was also observed by NMR methods [3] .
A similar trend was observed for water-halide interactions, again by IR techniques [4, 5] . A study of UV and IR spectra suggested that the solvation number of the tetrahexylammonium iodide-alcohol complex was unity [6] . The hydration numbers of the halides as determined in aqueous solution by NMR methods [7, 8] are 1.6 for F-, 0-2 for Cl-, and 1 for. Br-. Similar values are obtained from aqueous solution compressibilities and ionic vibration potential measurements [9] , namely, F-= 4.0, Cl-= 2.0, Br-= 1.8, I-= 1.5. Mass spectrometric studies [10] have yielded values of -6H, -~G, and ~S for the gas-phase stepwise hydration of the halide ions, and these results are in the expected order F > Cl-> Br-> I-. The values decrease with increasing number of water molecules complexed to the anion, and show no sharp changes in magnitude, at least up to the 4 or 5 water molecules per ion studied. From pressure-composition isotherms, the existence of halide ion complexes with haloforms has been deduced [11] , as had earlier been shown by both IR [2] and NMR [12] studies.
In earlier papers from this laboratory [13 ,14] , the stepwise complexing of F and Cl-by alcohols and phenols has been studied by distribution of the alkyl ammonium salt between an aqueous and an organic phase~ Since anion solvation by water and by alcohol might not be too different in the organic phase, and since the large tetraalkylammonium cations have been shown [15] to be anhydrous, it should be possible to determine the average hydration of the halide ions in an organic solvent by measuring the alkylammonium salt -2-LBL-1630 concentration and the water extracted into that phase. If the salts associated to ion pairs or to higher aggregates in the solvent, some ambiguity might be introduced in the amount of water complexed to an individual ion, so a highdielectric-constant, dissociating medium is desirable for these studies. As a result, nitrobenzene (e: = 34.82 at 25°C [16] ) has been mainly used.
EXPERIMENTAL

Reagents
A desired tetraalkylammonium chloride or bromide was obtained from the corresponding iodide (Eastman Organic Chemicals, white label) in the. manner described in earlier papers [14, 15] . This involves conversion to the hydroxide by shaking with a suspension of silver oxide (Baker and Adamson, reagent grade) in water, and then titration to pH-7 with the appropriate hydrohalic acid. The resulting solutions were standarized with known silver nitrate solutions using fluorescein as indicator. 
Procedure
The aqueous solution of the tetraalkylammonium halide was shaken with the organic solvent, usually for two hours. Separate experiments had shown that this w.as sufficient time to achieve equilibrium in the distribution. The ' -3-LBL-1630 equilibrium concentrations of the halide salts in ,the two phases were then determined by one or more of three methods: spectrophotometry, titration with silver nitrate, and counting of radioactive Br-. The spectrophotometrical procedure was the alkylammonium picrate extraction [17] used in earlier works [14, 15] , except for pre-shaking 10 ml aliquots of the aqueous phase with 10 ml samples of cc1 4 to avoid interference from the nitrobenzene dissolved in the aqueous phase. This cc1 4 wash did not extract any measurable quantity.of the salt.
Aqueous halide solutions more concentrated than 10-3 were determined by titration with 0.0100 M AgN0 3 using fluorescein as indicator. Such a method was also used to determine the halide in the organic phase after addition of ~ equal volume of isooctane and then back-extraction into water. No significant amount of halide salt is left in the organic phase in this procedure, as was shown by shaking it with a second water wash. The determinations of water in the organic phases were made by the Karl Fischer method using an electrometric end-point. All experiments were performed at room temperature, 23±2°C.
RESULTS AND DISCUSSION
In the previous paper [15] , the tetraalkylammonium cations were found to be essentially anhydrous in nitrobenzene, dichloroethane, and benzenenitrobenzene mixtures. Therefore, any water co-extracted with tetraalkylammonium salts into these diluents can be attributed to the anion, except for two possible conditions: 1) when the presence of the salt itself changes the nature of the medium enough to change the water uptake into the diluent; 2) when the salt aggregates into ion pairs, and particularly into higher ion aggregates, (even approaching inverted micelles) which may hold additional water. depending upon whether the species in the organic phase is dissociated (la) or is associated as ion pairs (lb). The corresponding equilibrium constants can be written
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Thus, the slope of a log-log plot of the organic-phase salt activity~· the aqueous-phase value yields the degree of association. A unit slope means complete dissociation (case a), a line of slope 2 means pure ion pairs (case b), an intermediate value' means a mixture of the two, and a slope greater than two means aggregation beyond the ion pair.
Such a plot for tetrapropylammonium iodide distributing between nitrobenzene and water is shown in Fig. 1 . The experimental molarities (solid circles) deviate only slightly from a straight line of unit slope. Corrections for the activity coefficient in the nitrobenzene phase were made using a Debye-Huckel expression with a distance of closest approach of 6 A and a dielectric constant of 34.8. Corrections for the activity coefficient in the aqueous phase were made using Poirier's method [18] with a distance of closest approach that yields the values for the activity coefficient found by Lindenbaum and Boyd at -0.1 m and somewhat higher concentrations [19] . The corrected points (open circles) fall on the straight line of unit slope to about 10-2 M, suggesting that below that concentration tetrapropylammonium iodide is essentially dissociated in nitrobenzene.
Similar results for tetrabutylammonium bromide are also shown in Fig. 1 .
The experimental points lie along a line of unit slope at the lower organicphase concentrations, and deviate slightly upwards at the higher concentrations.
Again correction for the activity coefficients in both phases (calculated in ) -2 the same manner results in agreement with this line to about 10 M in the organic phase, indicating that tetrabutylammonium bromide is essentially -2 dissociated in nitrobenzene below 10 M. All these salts can be expected to associate more readily in lowerdielectric-constant media than nitrobenzene, so similar extraction studies were performed using dichloroethane (£ = 10.36 at 25°C [16] ) as solvent. The results for the tetrapentylammonium chloride are given in In benzene-nitrobenzene mixtures, the salts are also expected to be niore associated than in nitrobenzene. As can be seen in Fig. 3 for tetrapentylammonium chloride and two bromide salts, the slopes of the curves The ratio of water to salt molarity of tetrabutylammonium bromide in nitrobenzene is also shown in Table I . Again a constant value, 1.8, is found in the lower concentration region where the bromide is dissociated according to Fig. 1 . The ratio becomes slightly larger at higher organic-phase concentrations, and again this trend may perhaps be correlated with the start of ion association as indicated in Fig. 1 . For the dissociated Br-, the Similarly, water uptake by tetrapropylammonium iodide was measured and is given in Table I . One mole of water extracted per I-, and no dependence of this value on the organic-phase salt concentration is noticeable up to 0.1 M. This hydration number is still smaller than that for Br-, as expected.
The value of 1.0 could mean that all I-anions carry exactly one water molecule with them, but more likely represents a distribution of Oil, 1:1, and 2:1 H 2 0:I-species and may possibly include even higher complexes.
In the mixed-solvent system studied, benzene-nitrobenzene, one can expect that the more polar solvent molecules (nitrobenzene) will preferrentially locate around the ions while the less polar molecules (benezene) are relatively farther away. Thus, the molecular atmosphere around the ions in the mixture would not be as different from that in pure nitrobenzene as might perhaps -9-LBL-1630 be expected, although the effective dielectric constant in the medium would be lower than in nitrobenzene and so would be the water solubility. Some data on water uptake with tetrapentylammonium chloride and bromide into benzenenitrobenzene mixtures are given in Tables II and III, In Table II are also given the results for ·the water co-extracted with tetrapentylammonium chloride into dichloroethane, and it can be seen that the values are smaller than those in nitrobenzene, although they do increase with increasing salt concentration. This increase may be due to the increasing ion aggregation with concentration already mentioned. But why should the value of the ratio be reduced in dichloroethane with respect to nitrobenzene? A possibility may be the ability of dichloroethane to interact directly with.the Cl-through its hydrogen, that is, show weakly acid behavior.
This interaction, though weak, could compete with the much stronger water-Clinteraction because of the overwhelmingly greater number of dichloroethane molecules in the organic phase. The result of such a hydrogen-bonding contact of dichloroethane molecules with the Cl-, transient as it may be, would be a slight replacement, and hence decrease, in the number of water molecules carried by the anion, as observed in Table II , and should also tend to suppress ion aggregation slightly.
If such an interaction does occur with dichloroethane, it should be possible to magnify the effect by using a more acidic organic diluent such as chloroform. The proton of this molecule is known to (hydrogen-) bond to -10-
halide anions, and complexes have been described [2, 11, 12] . Indeed, the data in Table II show that the water co-extracted by Cl-into this solvent, 1.0 H 2 0 per Cl-, is greatly reduced below the 3.3 molecules co-extracted into nitrobenzene. This result suggests the importance of solvation of the anion by the organic diluent in displacing waters of hydration; an estimate of first-shell hydration number would have to come from data taken with a much more inert diluent than CHC1 3 • In fact, there is evidence from observation of the NMR spectrum that even nitrobenzene interacts with the halide salts;
there is a downfield shift of the para-and meta-protons which is
proportional to the concentration of halide salt [20] . Thus, a first-shell hydration or coordination number of at least 4 is probable for Cl-, in agreement with the alcoholation number found in isooctane [ 14] • But only weaker lower limits of 2 and. 1 can be set for Brand I-. It has been found in the gas-phase hydration of the halide anions [10] that -~G for the stepwise addition of water molecules decreases gradually and monotonically with increasing number of water molecules coordinated, at least up to the 5, 4, and 3 water molecules per ion observed for -F-, Cl-and Br-, and I-, respectively. There was no indication of any sudden change or step at a favored complex. Hydration of the ions in an organic solvent is a different situation due to the presence of the surrounding organic molecules and dissolved water, but preliminary experiments, not described in this paper, show that as the water activi~y is decreased from unity to -0.1 by vapor~phase equilibration of the tetralkylammonium salts in the organic solvent, the hydration numbers for F , Cl-, and Br-fall monotonically (almost linearly for Br-) with the water activity. No plateaus indicating a strong preference for a particular lower hydration number were observed, in agreement with the gas-phase results.
CONCLUSIONS
Finally, with Cl-and Br-the proc·ess of ion aggregation in the more concentrated organic-phase salt solutions seems to result in somewhat larger hydration numbers. This could be due to the fact that the ion aggregate (resembling a small inverted micelle) provides an electrostatically "better" environment for water than does a single halide ion. But since the effect is extremely marked with F-and does not seem to appear with I-even though salts of the -12-
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latter are also aggregated, we believe this effect has its origin in the ability of fluoride ions, and to a lesser extent chloride and bromide ions, to fit into, and even to promote, a hydrogen-bonded network with water. This subject will be taken up in a later paper on the hydration of the fluoride salts. ~he water extracted by the diluent alone (diluent volume fraction x water solubility in diluent) has been subtracted. This report was prepared as an account of work sponsored by the United States Government. Neither the United States nor the United States Atomic Energy Commission, nor any of their employees, nor any of their contractors, subcontractors, or their employees, makes any warranty, express or implied, or assumes any legal liability or responsibility for the accuracy, completeness or usefulness of any information, apparatus, product or process disclosed, or represents that its use would not infringe privately owned rights.
